
1 

 

 

Application of Molecular Techniques to Elucidate the Influence of Cellulosic Waste on the 

Bacterial Community Structure at a Simulated Low Level Waste Site 

 

 

Erin K. Field
1
, Seth D’Imperio

2
, Amber R. Miller

3
, Michael R. VanEngelen

2
, Robin Gerlach

2
, 

Brady D. Lee
3
, William A. Apel

3
, and Brent M. Peyton

2*
 

 

 

 

 

 
1
Department of Microbiology  

and Center for Biofilm Engineering 

Montana State University 

Bozeman, MT 59717 

 
2
Department of Chemical and Biological Engineering 

and Center for Biofilm Engineering 

Montana State University 

Bozeman, MT 59717 

 
3
Idaho National Laboratory 

Biological Systems Department 

Idaho Falls, ID 83415 

 

 

 

Journal: Applied and Environmental Microbiology 

Journal Section: Microbial Ecology 

 

 

 

 

 

 

 

 

_____________________ 

(*)Corresponding author.  Mailing address: 

Department of Chemical and Biological Engineering,  

Montana State University, Cobleigh 305, Bozeman, MT 59717. 

Phone: (406) 994-7419. Fax: (406) 994-5308. E-mail: bpeyton@coe.montana.edu

 Copyright © 2010, American Society for Microbiology and/or the Listed Authors/Institutions. All Rights Reserved.
Appl. Environ. Microbiol. doi:10.1128/AEM.01688-09 
AEM Accepts, published online ahead of print on 19 March 2010

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


1 

 

ABSTRACT 1 

 Low-level radioactive waste sites, including those at various U.S. Department of Energy 2 

(DOE) sites, frequently contain cellulosic waste in the form of paper towels, cardboard boxes, or 3 

wood contaminated with heavy metals and radionuclides such as chromium and uranium.  To 4 

understand how the soil microbial community is influenced by the presence of cellulosic waste 5 

products, multiple soil samples were obtained from a non-radioactive model low-level waste test 6 

pit at the Idaho National Laboratory.  Samples were analyzed using 16S rRNA gene clone 7 

libraries and 16S rRNA gene microarray (PhyloChip) analyses.  Both methods revealed changes 8 

in the bacterial community structure with depth.  In all samples, the PhyloChip detected 9 

significantly more Operational Taxonomic Units (OTUs), and therefore relative diversity, than 10 

the clone libraries.  Diversity indices suggest that diversity is lowest in the Fill (F) and Fill Waste 11 

(FW) layers and greater in the Wood Waste (WW) and Waste Clay (WC) layers.  Principal 12 

coordinates analysis and lineage specific analysis determined that Bacteroidetes and 13 

Actinobacteria phyla account for most of the significant differences observed between the layers.  14 

The decreased diversity in the FW layer and increased members of families containing known 15 

cellulose degrading microorganisms suggests the FW layer is an enrichment environment for 16 

these organisms.  These results suggest that the presence of the cellulosic material significantly 17 

influences the bacterial community structure in a stratified soil system. 18 

 19 

INTRODUCTION 20 

 The processing of nuclear materials, operation of nuclear reactors, research and 21 

development activities at government sites, hospitals, universities, and radiochemical and 22 

radiopharmaceutical manufacturers have led to the generation of a substantial amount of low-23 
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level mixed radioactive and heavy metal wastes that have been disposed in pits, trenches, and 24 

other waste sites (2).  Co-disposed with metals and radionuclides were large quantities of 25 

cellulose containing materials such as wood, paper towels, cardboard, cheesecloth, and other 26 

materials (53).  These wastes result from glove box operations, decontamination, housekeeping, 27 

maintenance, and construction activities, and can constitute up to 90% of the volume of typical 28 

low-level waste (LLW) (60).  While there are over 20,000 commercial users of radioactive 29 

materials (2), the Department of Energy (DOE) complex houses the majority of disposed LLW 30 

waste at sites including Savannah River, Hanford, Idaho National Laboratory (INL) and Nevada 31 

test sites (3).  Prior to 2000, the DOE disposed of approximately 2 million cubic meters of LLW 32 

and has projected the disposal of an additional 10.1 million cubic meters by 2070 (3).  Within the 33 

Subsurface Disposal Area at the INL alone, approximately 330 metric tons of U-238 have been 34 

buried with cellulose containing material (26, 31).  While these LLW materials are generally 35 

classified as such due to their low radioactivity and metal concentrations, their large quantity 36 

suggests there is potential environmental concern if mobilization of these contaminants was to 37 

occur. 38 

 The mobility of heavy metals and radionuclides in the subsurface may be greatly affected 39 

by the decomposition of this cellulosic waste by cellulolytic or fermentative microorganisms.  A 40 

number of soil microorganisms can degrade one or more lignocellulosic components (i.e. 41 

cellulose and hemicellulose) to their respective subunits, which include cellobiose, C-5 and C-6 42 

sugars (i.e. xylose, mannose, and glucose) (7, 38, 43).  The breakdown of cellulose itself may 43 

release the associated metals and radionuclides, potentially increasing their mobility.  44 

Additionally, fermentative bacteria can then use these cellulose breakdown products as carbon 45 

and energy sources producing a variety of fermentation products including short chain organic 46 
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acids, alcohols and hydrogen (20).  These fermentation products may significantly influence 47 

contaminant mobility, since organic acids can chelate metals and radionuclides potentially 48 

increasing their mobility (8, 21, 27, 44, 47).  On the other hand, the work of numerous 49 

investigators has shown that these same compounds can serve as the carbon and energy source 50 

for metal and sulfate reducing bacteria that reduce and precipitate the metals and radionuclides 51 

found at these sites (1, 7, 19, 30, 39, 40, 45, 48, 52, 56, 59). 52 

 To better understand interactions between the bacterial community, cellulosic waste, and 53 

contaminants at LLW sites, the bacterial community must first be identified.  Little is known 54 

about the bacterial community structure at LLW sites as previous studies have focused on culture 55 

dependent techniques, the construction of small clone libraries, and Denaturing Gradient Gel 56 

Electrophoresis (19, 20).  Therefore, this study aims to perform a larger in-depth molecular 57 

analysis of the entire bacterial community at one of these sites.  Soil cores from a surrogate waste 58 

pit at the INL were collected and samples from four depths within the pit were analyzed using 59 

16S rRNA gene clone libraries and high-density 16S rRNA gene microarrays (PhyloChip).  The 60 

overall goal of this study was to determine how the presence of buried cellulosic waste 61 

influences the bacterial community structure found at a LLW site. 62 

 63 

MATERIALS & METHODS 64 

Site Description.  The Cold Test Pit South (CTPS) is located at the DOE INL Radioactive 65 

Waste Management Complex (RWMC) about 50 miles west of Idaho Falls, Idaho. The CTPS 66 

was constructed in 1988 and filled with simulated wastes that conform to the historical disposal 67 

practices at the RWMC between 1953 and 1970 (58).  The pit was constructed to provide a clean 68 

environment to test the implementation of innovative waste characterization, retrieval 69 
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technology, performance and operational testing of remedial action scenarios.  Cardboard was 70 

used as simulated waste containers to promote rapid deterioration and simulate up to 35 years of 71 

burial in shallow land filled pits.  The bottom of the CTPS was lined with a crushed sediment 72 

clay liner (Figure 1).  The waste layer, designated as the wood waste layer, contains stacked 73 

cardboard boxes, drums of combustibles (scrap wood, cloth, paper, plastic and HEPA filters), 74 

metals (aluminum and steel), concrete, asphalt, glass, and simulated inorganic sludges (silica and 75 

carbonate based pastes).  Evidence from previous activities in the CTPS suggests that most of the 76 

simulated waste forms were concentrated at the base of the pit between 2.4 and 4.9 m below 77 

grade.  The simulated waste layer was then covered with an overlying fill soil layer using local 78 

unsaturated soil.  Compaction over time reduced the size of the simulated waste layer to 79 

approximately 0.2 m.     80 

CTPS Sampling.  A truck mounted Powerprobe 9600TM (AMS, Inc., American Falls, ID) 81 

direct push sampling rig was used to obtain intact core samples from the CTPS.  Soil cores 82 

spanning the depth of the pit were collected in sterile 3.2 cm diameter Lexan™ core tubes 83 

(Figure S1 Supplemental Material).  Samples were placed in a cooler on ice for shipment to the 84 

INL laboratory where the samples were processed. 85 

 Lexan tubes were cut at four designated depths representing various layers of the pit 86 

(Figure 1).  The four soil layers that were sampled were the overlying Fill soil layer (F), the Fill 87 

soil/Wood Waste interface (FW), the Wood Waste soil layer (WW), and Wood Waste/Clay 88 

interface (WC).  Approximately 2.5 cm of soil was removed aseptically using a sterile spatula, 89 

then a sterile 50 ml conical centrifuge tube was used to subcore for samples from which DNA 90 

was extracted.  For samples that were obtained at interfaces (FW and WC), the soil sample 91 

obtained spanned each of the upper and lower layers equally.  Samples were stored at -20 °C 92 
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prior to DNA extraction.  Triplicate soil samples were collected from each of the four soil layers 93 

for individual DNA extraction and molecular analysis. 94 

DNA Extraction and 16S rRNA Gene Amplification.  DNA was extracted using the 95 

PowerMax® Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA) according to 96 

the manufacturer’s protocol for the first set of soil samples from each layer (5 g soil per sample).  97 

DNA was extracted using the UltraClean Soil DNA Kit (MO BIO Laboratories, Inc., Carlsbad, 98 

CA) according to the manufacturer’s protocol for the second and third soil sample (0.3 g per 99 

sample) from each soil layer.  Since the WW layer soil was high in humic content, an additional 100 

clean-up step using a sephadex-based spin column was used according to instructions provided 101 

(illustra MicroSpin G-25 columns, GE Healthcare, UK) to remove compounds that would inhibit 102 

amplification. 103 

 PCR amplification of 16S rRNA genes was performed using 50 �L reactions containing 104 

a final concentration of 1x PCR buffer, 0.01 mg/mL bovine serum albumin, 0.5 Units JumpStart 105 

REDTaq DNA polymerase, (Sigma-Aldrich, St. Louis, MO), 0.4 �M 8F primer (5’-106 

AGAGTTTGATCCTGGCTCAG-3’), and 0.4 �M 1492R primer (5’-107 

GGTTACCTTGTTACGACTT-3’) (Integrated DNA Technologies, Coralville, IA). The 108 

reactions were heated to 94°C for 10 minutes, followed by 30 cycles of 94°
 
C for 1 minute, 52°

 
C 109 

for 1 minute, and 72°
 
C for 1 minute, with a final extension at 72°

 
C for 10 minutes (Applied 110 

Biosystems, GeneAmp PCR System 9700). The amplicons were checked for the correct size on 111 

the Agilent 2100 Bioanalyzer with the Agilent DNA 7500 Kit (Agilent Technologies, 112 

Waldbronn, Germany).   113 

Cloning and Sequencing.  Triplicate clone libraries were created for each soil layer using the 114 

three individual soil samples and DNA extracts obtained.  16S rRNA gene amplicons were 115 
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ligated into the pCR2.1 vector using the TOPO TA Cloning Kit and transformed into Top10 116 

competent Escherichia coli cells, using the instructions provided (Invitrogen, Carlsbad, CA).  117 

Transformants were plated onto Sigma S-gal/LB agar and individual colonies containing vectors 118 

with inserts were chosen based on black/white selection and used to inoculate 1mL 2xLB with 119 

kanamycin in deep well plates.  The plates were incubated between 16 and 18 hours at 37°C.  120 

The plasmid DNA was purified as per manufacturer’s protocol (Montage Plasmid MiniprepHTS 121 

Kit, Millipore).  The average concentration of the plasmid DNA was between 100 – 300 ng/µL 122 

as determined using a NanoDrop, ND-1000 Spectrophotometer (NanoDrop Technologies, 123 

Wilmington, DE).   124 

 The purified plasmid DNA from one clone library of each of the four soil layers was sent 125 

to Idaho State University Molecular Research Core Facility (ISU MRCF) for sequencing.  The 126 

purified plasmid DNA from the other two clone libraries of each of the four soil layers was 127 

sequenced at INL.  At both locations, Sanger cycle sequencing reactions with dye-terminators 128 

were prepared using between 100 and 200 ng template DNA, 1 µL BigDye v3.1 (Applied 129 

Biosystems, Carlsbad, CA), and one of three primers: M13F (5’-GTAAAACGACGGCCAG-3’), 130 

515F (5’-GTGCCAGCMGCCGCGGTAA-3’), or M13R (5’-CAGGAAACAGCTATGAC-3’) in 131 

a reaction volume of 10 �L (primer concentrations were 3.2 pmol/�L at ISU and 5 pmol/�L at 132 

INL).  Reactions were denatured at 96°C for 1 minute, followed by 40 cycles of 96°C for 10 133 

seconds, 50°C for 5 seconds, and 60°C for 4 minutes.  At the ISU MRCF, excess reagents and 134 

dye were removed using Millipore™-seq plates (Millipore, Billerica, MA) and DNA was 135 

analyzed on an Applied Biosystems 3130 Analyzer (Applied Biosystems, Carlsbad, CA).  At 136 

INL, excess reagents and dye were removed using Performa DTRPlates (Edge Bio, 137 
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Gaithersburg, MD) and DNA was analyzed on a 3730 DNA Analyzer (Applied Biosystems, 138 

Carlsbad, CA). 139 

Sequence Analysis.  Individual clones were sequenced using the forward, internal, and reverse 140 

primers, M13F, 515F, and M13R, respectively.  Vector sequences were removed before 141 

assembly.  Contiguous sequences were assembled using Phrap (16, 17) to make full-length 16S 142 

rRNA gene sequences.  Clones were trimmed to remove poor quality regions using Phred (22) 143 

(Q<20), NAST-aligned (10), and checked for chimeras with Bellerophon (25) all through the use 144 

of tools provided by Greengenes (12) (www.greengenes.lbl.gov).  Non-chimeric sequences were 145 

compared to public databases in Greengenes and classified using the G2_Chip taxonomy 146 

classification system.  All nucleotide sequences from clone library analyses were deposited in 147 

GenBank under accession numbers GQ262819-GQ264537. 148 

16S rRNA Gene Microarray Analysis.  Amplification of the 16S rRNA gene from one of the 149 

DNA extractions obtained from each of the four soil layers was performed using 2 µg per 150 

reaction.  Hybridization and subsequent analysis on a 16S rRNA gene-based microarray 151 

(PhyloChip) was carried out as previously described (11). Duplicate microarrays were analyzed 152 

for each soil layer sampled.  A probe pair was scored as positive if (1) the fluorescence intensity 153 

of the perfect match probe was at least 1.3 times greater than the intensity of the mismatch probe 154 

and (2) the difference between the perfect match and mismatch intensities were 130 times greater 155 

than the square of the background intensity.  An OTU was identified as present if at least 92% of 156 

the probe pairs for a specific OTU were scored as positive (pf ≥ 0.92).  An OTU was scored as 157 

positive for a soil layer if the OTU met these criteria for both replicate microarrays of each layer.  158 

ARB (42) version 08.07.08prv and the SILVA 04.10.08 reference database were used for the 159 

production of neighbor joining phylogenetic trees and MeV (49) for the production of heat maps. 160 
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Statistical Analyses.  Statistical differences between duplicate PhyloChips and triplicate clone 161 

libraries for each layer were evaluated by Unifrac (41).  Unweighted Principal Coordinates 162 

Analysis (PCoA) and lineage specific analysis were performed using Unifrac software for both 163 

the clone library and PhyloChip NAST-aligned sequences.  Before PCoA analysis, clone 164 

libraries were analyzed using DOTUR (54) (www.plantpath.wisc.edu/fac/joh/dotur.html) in 165 

which a 97% cutoff was used to group sequences into OTUs.  A single representative sequence 166 

from each OTU was included in analysis to eliminate phylogenetic weighting.  Shannon’s and 167 

Simpson’s diversity indices as well as rarefaction curves (Figure S2 Supplemental Material) for 168 

both the clone library and PhyloChip data sets were also calculated using DOTUR. 169 

Quantitative PCR.  Family-specific primers for the Acidimicrobiaceae, Flexibacteriaceae, 170 

Streptomycetaceae and KSA Unclassified families were designed using the PROBE DESIGN 171 

and MATCH PROBE applications in ARB (42) version 08.07.08prv.  Primers were designed and 172 

tested using an ARB neighbor joining phylogenetic tree with all sequences detected by both 173 

PhyloChip and clone library analyses.  Each family-specific primer was paired with a general 174 

bacterial primer (Table S1 Supplemental Material).  All primer pairs were determined to be 175 

highly specific to the target family (data not shown).  Triplicate DNA extracts of each soil layer 176 

were diluted to the concentration used for amplification of clone library analysis.  Equal volumes 177 

of each of the diluted DNA extracts were pooled for each soil layer.  A two-step amplification 178 

using 5 nanograms of template DNA from each soil layer was carried out using the Rotor-179 

Gene™ SYBR® Green PCR Kit (QIAGEN, Inc., Valencia, CA).  An initial activation step of 180 

95°C for 5 minutes, 35 cycles of a denaturation at 95°C for 5 seconds and a combined 181 

annealing/extension step at 60°C for 10 seconds was performed when using the 182 

Acidimicrobiaceae, Flexibacteriaceae and KSA Unclassified specific primers.  Analysis with the 183 
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Streptomycetaceae specific primers had an increased combined annealing/extension temperature 184 

of 65°C.  Triplicate samples were analyzed for each soil layer using each set of family-specific 185 

primers.  Results are reported as 16S rRNA gene copy number per nanogram total DNA 186 

extracted. 187 

 188 

RESULTS 189 

Clone Library and PhyloChip Analyses.  A total of 448, 431, 382, and 458 clones were 190 

obtained from the F, FW, WW, and WC layers, respectively, after sequences were trimmed, 191 

aligned and screened for chimeras.  The complete clone library of the simulated LLW site 192 

contained 1719 clones.  Analysis of sequences followed the “standard operating procedure for 193 

phylogenetic inference” (46) regarding sequence alignment and phylogenetic tree building where 194 

applicable.  The triplicate clone library results for each layer were evaluated using Unifrac and 195 

were determined not to be significantly different (p ≥ 0.2).  Therefore, the triplicate libraries for 196 

each layer were combined and considered as one complete library for this study.   197 

 Duplicate PhyloChip analyses performed for each layer were also evaluated using 198 

Unifrac, determined not to be significantly different (p ≥ 0.2), combined, and also reported as 199 

one data set for each layer.  A total of 717, 1356, 1567, and 1582 unique OTUs were scored as 200 

positive in the F, FW, WW and WC layers, respectively. 201 

Bacterial Community Structure.  Both the clone library and PhyloChip results indicated that 202 

the bacterial community profile changed with depth when viewed at the phylum level.  Clone 203 

library analysis revealed that Proteobacteria were dominant in all four layers accounting for 29, 204 

28, 35, and 56% of the F, FW, WW, and WC layer total clones, respectively (Figure 2A).  205 

Twelve phyla were detected in the F layer by clone library analysis, with the Proteobacteria, 206 
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Actinobacteria and Gemmatimonadetes phyla comprising the majority of the total clones 207 

detected.  These three phyla represented 332 of the 448 F layer clones or 74%.  The FW layer 208 

contained clones from 10 different phyla, the least of any of the layers.  The FW layer was 209 

comprised mostly of clones within the Proteobacteria, Actinobacteria, and Bacteroidetes.  The 210 

Actinobacteria and Bacteroidetes combined represented 60% of the total FW layer clones.  This 211 

was a significant increase in Bacteroidetes clones from the F layer as they were 34% of the total 212 

FW layer clones and only 1% of the total F layer clones.  The WW layer contained clones from 213 

13 different phyla, the most of any layer, and the WC layers contained clones from 12 different 214 

phyla.  Additionally, both layers were comprised mainly of Proteobacteria, Bacteroidetes, and 215 

Acidobacteria.  These three phyla represented 286 clones, 74% of the total WW layer clones, and 216 

379 clones, 83% of the total clones in the WC layer. 217 

 The PhyloChip data also indicated a change in community profile with depth and showed 218 

greater numbers of unique OTUs with increasing depth (Figure 2B). Though the number of 219 

unique OTUs changed with depth, four phyla were consistently dominant, and in similar ratios to 220 

each other, in all soil layers.  The Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes 221 

accounted for approximately 77, 84, 82, and 81% of the total OTUs detected by PhyloChip 222 

analysis in the F, FW, WW, and WC layers, respectively.  In each layer, the Proteobacteria, 223 

Firmicutes, Actinobacteria, and Bacteroidetes comprised approximately 50%, 15%, 11%, and 224 

6%, respectively, of the total OTUs detected by the PhyloChip in each soil layer.     225 

 A comparison at the OTU level between methods indicates that the PhyloChip detected 226 

significantly more OTUs than the clone libraries in all soil layers.  Clone library analyses 227 

detected 191, 173, 217, and 252 unique OTUs in the F, FW, WW, and WC layers, respectively 228 

compared to the PhyloChip analyses which as previously mentioned detected 717, 1356, 1567, 229 
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and 1582 unique OTUs in the same layers.  A total of 2002 unique OTUs were detected by the 230 

entire study.  Of these, only 10% were detected by both the clone library and PhyloChip (Table 231 

S2 Supplemental Material).  Another 10% were detected by the clone library only while the 232 

remaining 80% were detected by the PhyloChip only. 233 

Bacterial Community Diversity.  Shannon’s and Simpson’s indices both indicated greater 234 

diversity in all four soil layers by PhyloChip analysis than by clone library analysis (Table 1).  235 

The Simpson’s indices calculated for both methods demonstrated a similar trend in which overall 236 

the F and FW layers had the least diversity, while the WW and WC layers had the greatest 237 

diversity. 238 

 Shannon’s indices calculated using the clone library data indicated there was no 239 

significant difference in diversity between soil layers.  Conversely, Shannon’s indices calculated 240 

with the PhyloChip data suggested there were significant differences in diversity between layers.  241 

Shannon’s indices based on PhyloChip data determined that the FW layer had the least diversity, 242 

followed by the F layer, while the WW and WC had the greatest diversity.   243 

Soil Layer Stratification.  PCoA was performed with both the clone library and PhyloChip 244 

community data sets and the results suggest that there were significant differences between the 245 

bacterial communities with depth (Figure 3).  The clone library data (Figure 3A) and PhyloChip 246 

data (Figure 3B) were first analyzed separately and yielded similar results.  Triplicate clone 247 

libraries and duplicate PhyloChips for each soil layer clustered with themselves, again 248 

confirming the similarities between the replicates.  When comparing soil layers, the WW and 249 

WC layers grouped closely together, while the F and FW layers clustered independently from the 250 

other layers.  Not surprisingly, when the clone library and PhyloChip data sets were combined 251 

and analyzed, the method used to identify the community appeared to influence the clustering of 252 
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the data more heavily than the soil layer, since the PhyloChip data sets clustered together and 253 

independently of any of the clone library data (Figure 3C).  The clone library data still 254 

demonstrated the same trend seen in Figure 3A: the F and FW layers each clustered by 255 

themselves, while the WW and WC layers clustered together. 256 

 Lineage specific analysis of the clone libraries was performed with Unifrac to determine 257 

which phyla were responsible for the differences between layers observed in the PCoA analysis.  258 

Multiple branch nodes were evaluated and it was determined that groups within the 259 

Actinobacteria and Bacteroidetes phyla were responsible for the majority of significant 260 

differences between layers (p value < 0.05).  Unifrac could not support lineage specific analysis 261 

with the PhyloChip data, due to the large number of sequences.  Because Actinobacteria and 262 

Bacteroidetes phyla are known to contain cellulose degrading microorganisms (43) and were 263 

identified as groups accounting for much of the change in bacterial community structure with 264 

depth, they were evaluated further to identify how they changed with depth.  While the 265 

Proteobacteria also accounted for some of the changes identified by lineage specific analysis, 266 

the majority of these Proteobacteria clones were identified and categorized by Unifrac as only 267 

“suggestive” (p value 0.05-0.1) and thus less statistically significant. 268 

Actinobacteria and Bacteroidetes Phyla.  There were 123, 113, 10 and 27 clones identified as 269 

belonging to the Actinobacteria in the F, FW, WW, and WC layers, respectively, corresponding 270 

to 28, 26, 3, and 6% of the total clones detected in each layer.  Results indicate a difference in the 271 

Actinobacteria community structure with depth when viewed at the family level.  In particular, 272 

four families showed significant changes with depth based on clone abundance: 273 

Acidimicrobiaceae, Glycomycetaceae, Micromonosporaceae and Streptomycetaceae (Figure 4, 274 
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Figure S3 Supplemental Material).  Of these four families, two were chosen for additional 275 

quantitative analysis using 16S rRNA gene family-specific primers.   276 

 Lineage specific analysis identified Acidimicrobiaceae as responsible for some of the 277 

differences seen with the F layer when compared to the other three layers.  The 278 

Acidimicrobiaceae family contributed 33% of the total Actinobacteria clones and 8.9% of the 279 

total clones detected in the F layer.  An approximate 10-fold decrease in the percentage of 280 

Acidimicrobiaceae clones was observed between the F and FW layers (Figure 4A).  No 281 

Acidimicrobiaceae clones were detected in the WW layer and only 3 were detected in the WC 282 

layer, accounting for less than 1% of the total clones detected.  The PhyloChip, however, 283 

detected the presence of Acidimicrobiaceae OTUs in all four soil layers suggesting they are 284 

present throughout.  The quantitative PCR data confirm the trends observed based on clone 285 

library analysis and also supports the Phylochip results as it detected the presence of 286 

Acidimicrobiaceae in the WW layer where no clones were identified.  The Streptomycetaceae 287 

family had an approximately 40-fold increase in clone abundance between the F and FW layers 288 

(Figure 4B).  This increase was followed by significant decreases between the FW and WW 289 

layer.  The quantitative PCR analysis also identified a significant increase between the F and FW 290 

layers in which approximately a 100-fold increase was observed in Streptomycetaceae 16S 291 

rRNA gene copy number per nanogram total DNA.  This was also followed by a significant 292 

decrease between the FW and WW layer.  However, between the WW and WC layers a decrease 293 

in Streptomycetaceae 16S rRNA gene copy number per nanogram total DNA was observed 294 

while the clone libraries detected no clones in the WW layer and only one clone in the WC layer.  295 

The PhyloChip detected a large increase in the number of unique OTUs between the F layer and 296 

all other layers. 297 
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 In the Bacteroidetes phylum, 5, 146, 93, and 69 clones were detected in the F, FW, WW, 298 

and WC layers, respectively, contributing approximately 1, 34, 24, and 15% of the total clones 299 

detected in these layers.  This significant increase in the number of Bacteroidetes clones between 300 

the F layer and the other three layers partially explains how this phylum contributes to the 301 

observed stratification between layers.  Four families in particular showed significant changes in 302 

clone abundance with depth and were identified by lineage specific analysis as contributing to 303 

the stratification between layers: Crenotrichaceae, Flexibacteriaceae, Sphingobacteriaceae, and 304 

KSA Unclassified clones (Figure 4, Figure S3 Supplemental Material).  Of these four families, 305 

two were chosen for additional quantitative analysis using 16S rRNA gene family-specific 306 

primers.   307 

 No Flexibacteriaceae clones were detected in the F or FW layers, though the PhyloChip 308 

and quantitative PCR detected their presence in both layers.  Flexibacteriaceae clones accounted 309 

for 5.5% and 5.0% of the WW and WC layer total clones, respectively (Figure 4C).  Quantitative 310 

PCR analysis detected a decrease in Flexibacteriaceae 16S rRNA gene copy number per 311 

nanogram total DNA between the WW and WC layers, but a greater decrease than was observed 312 

by clone library analysis. The PhyloChip detected a greater number of unique OTUs within the 313 

WW and WC layers when compared to the other two layers.    314 

 KSA Unclassified clones detected in the F layer based on clone library analysis, 315 

accounted for only 0.9% of the total clones (Figure 4D).  An approximate 7-fold increase in 316 

clone abundance was observed between the F and FW layers followed by a significant decrease 317 

in the WW and WC layers.  Interestingly, the PhyloChip only detected one unique OTU that was 318 

present in all four soil layers.  The quantitative data supports the trend observed by clone library 319 

analysis in which there was an increase in KSA Unclassified 16S rRNA gene copy number per 320 
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nanogram total DNA in the FW layer followed by a significant decrease in the WW and WC 321 

layers.  It also detected this family in all four soil layers which supports the PhyloChip results.  322 

Potential for Cellulose Degradation.  To gain a better understanding of the potential role of the 323 

Actinobacteria phylum in response to the presence of cellulose, families were evaluated based on 324 

whether or not they had at least one significant change between two soil layers.  A significant 325 

change was defined as at least a 4-fold increase or decrease in clone numbers, which coincides 326 

with approximately a 1% change in total clone abundance, between any two layers.  Thirteen 327 

families out of 33 detected met this criterion: Acidimicrobiaceae, Microthrixineae, Frankiaceae, 328 

Glycomycetaceae, Kineosporaceae, Microbacteriaceae, Micromonosporaceae, 329 

Streptomycetaceae, Thermomonosporaceae, Rubrobacteraceae, and three unclassified families.  330 

These families were then differentiated based on their potential capabilities to degrade cellulose.  331 

Those that had been reported in the literature to be known cellulose degraders, cellobiose 332 

utilizers, or suggested to be cellulose degraders were grouped together as reported and implied 333 

cellulose degraders (4, 5, 9, 15, 34-37, 43, 50, 61).  Those families that have never been shown to 334 

degrade cellulose, utilize cellobiose nor suggested to be able to do so were also grouped together 335 

as non-cellulose degraders.  These groups were then compared in terms of their abundance and 336 

relative diversity with depth. 337 

 The clone abundance of the non-cellulose degrading group was highest in the F layer, 338 

accounting for 18.3% of the total clones detected in this layer, and decreased approximately 5-339 

fold between the F and FW layer (Figure 5A).  There were only 3 clones from this group in the 340 

WW layer and 7 clones in the WC layer accounting for less than 2% of the total clones in both 341 

layers.  Conversely, the number of clones of the reported and implied cellulose degrading group 342 

was highest in the FW layer increasing 6-fold in abundance between the F and FW layer.  This 343 
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group accounted for 17.9% of the total clones detected in the FW layer, decreasing in abundance 344 

in the deeper layers accounting for 1.6% of the total clones in the WW layer and 3.5% of the 345 

total clones in the WC layer.  The greatest relative diversity, identified by clone library analysis, 346 

also correlated with the soil layer in which the greatest clone abundance was detected (Figure 347 

5B).  This was the F layer for the non-cellulose degrading group and the FW layer for the 348 

reported and implied cellulose degrading group.  The PhyloChip also detected the greatest 349 

number of unique OTUs in the F layer for the non-cellulose degrading group, and in the FW 350 

layer for the reported and implied cellulose degrading group (Figure 5C).  However, the change 351 

in the number of unique OTUs detected by PhyloChip analysis and relative abundance between 352 

all four layers was not as great as indicated by the clone libraries suggesting clone libraries may 353 

be more sensitive to significant changes in populations than the PhyloChip.  Interestingly, the 354 

PhyloChip detected a greater number of unique OTUs within the reported and implied cellulose 355 

degrading group than the non-cellulose degrading group in all four layers.  This may be due to an 356 

underestimate of the reported and implied cellulose degrading group’s presence and diversity by 357 

the clone libraries, or may be due to a larger number of probes for this group found on the 358 

PhyloChip therefore increasing its chance of detection.  359 

 Unlike the Actinobacteria, all of the families that showed significant differences between 360 

layers contain known cellulose degraders (23, 24, 29, 32, 33, 43), except for the KSA 361 

Unclassified family of which no metabolic capabilities could be found in the literature.  362 

Regardless, the large number of reported and implied cellulose degrading Bacteroidetes families 363 

detected by clone abundance and PhyloChip analysis in the FW, WW, and WC layers suggests 364 

that there is potential for cellulose degradation in these layers. 365 

 366 
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DISCUSSION 367 

Clone Library and PhyloChip Comparison.  Both the clone library and PhyloChip analyses 368 

yielded valuable information about the bacterial community structure and diversity at the CTPS.  369 

While 1719 clones is a substantial clone library data set, the results of the PhyloChip analyses 370 

demonstrate that even with a large number of clones, the results barely depict the total diversity 371 

that was found at the CTPS as almost 80% of the total OTUs observed were detected by the 372 

PhyloChip only.  The PhyloChip’s sensitivity to low abundance OTUs is useful in identifying 373 

rare members of the community that may play a key role in the environment but are not present 374 

in high numbers.  Still, the clone libraries detected 203 OTUs that the PhyloChip did not detect, 375 

and also provide insight into the potential abundance and dominance of these organisms at the 376 

CTPS making it a valuable method to use as well.     377 

 Similar to previous studies in which both PhyloChips and clone libraries were used, the 378 

PhyloChip detected greater overall diversity and number of unique OTUs (6, 11, 18, 51, 57).  As 379 

previously mentioned, there were OTUs and even entire families detected through clone library 380 

analysis that were not detected by the PhyloChip.  This may be due to poor hybridization with 381 

the probe, a sequence having a stronger affinity to the mismatch probe, or the absence of these 382 

sequences in the database when the probes were designed.  It is also important to point out that 383 

when comparing the presence or absence of a specific OTU between the four soil layers, there 384 

was a low percentage of matches between the two methods.  While it was not surprising that a 385 

unique OTU was detected only by the PhyloChip in a soil layer, it was surprising to observe the 386 

number of unique OTUs detected in some layers by the clone libraries only and in other layers 387 

by the PhyloChip only.  This further supports the value of using these two methods to 388 
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complement each other to gain more information about the bacterial community and may be 389 

especially important in studies where one specific OTU or organism is focused on. 390 

 In addition to the molecular analyses discussed in this study, six bacterial isolates 391 

(members of the genera Pseudomonas, Pedobacter, Streptomyces, Flavobacterium, Serratia, 392 

Cellulomonas) were obtained from cellulose degrading enrichments inoculated with the soil from 393 

the FW, WW, and WC layers (Supplemental Information).  The results of these cultivation 394 

studies can be compared to both the clone library and PhyloChip results to further demonstrate 395 

the differences between these two methods.  All six isolates were detected at the family level by 396 

PhyloChip analysis in all three soil layers (Table S3 Supplemental Material).  As the PhyloChip 397 

detects a great amount of diversity and large number of community members, it is not surprising 398 

that it would detect all six families in all soil layers.  Meanwhile, clone library analyses detected 399 

some of these families, such as Enterobacteriaceae containing the Serratia sp. isolate and 400 

Sphingobacteriaceae containing the Pedobacter sp. isolate, in layers from which they were not 401 

isolated.  This suggests that either these organisms were present and we were unable to culture 402 

them, or a different member of the family was present.  While it is not surprising that there are 403 

soil layers in which these organisms are present but we were unable to culture them, it is 404 

interesting that a few of the isolates were cultivated from soil layers in which clone library 405 

analyses did not detect the presence of their families.  For example, in the WW layer the clone 406 

libraries did not detect any members of the family Streptomycetaceae.  However, a Streptomyces 407 

sp. was isolated from the WW soil layer and the PhyloChip confirms the family’s presence.  If 408 

only clone library analysis had been conducted, the results would suggest that there were no 409 

members of this family present in this layer.  These results further demonstrate limits of clone 410 

library analysis and its potential to miss much of the diversity present at the site.  411 
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 The results of this study show that the PhyloChip detects greater diversity which provides 412 

a more complete picture of the community structure and is important in identifying rare members 413 

of the community that may play an important functional role at the site.  However, it is limited 414 

by the fact that in its current state it is not a quantitative method.  Therefore, it cannot be used to 415 

determine which members of the community are more abundant and will not detect changes in 416 

abundance between soil layers.  Also, the PhyloChip does not appear to be as sensitive to small 417 

changes within the community as seen with the Actinobacteria and Bacteroidetes phyla.   418 

 The clone libraries are semi-quantitative and begin to address which members of the 419 

community are abundant.  Quantitative analysis performed for select families within the 420 

Actinobacteria and Bacteroidetes phyla support the data obtained by clone library analysis 421 

suggesting that such a large clone library dataset provides better confidence in the quantitative 422 

aspect of the clone library results.  Still, as some differences were seen in the results of the 423 

quantitative PCR and clone library analyses, there are biases in the construction and analysis of 424 

clone libraries that limit its ability to be truly quantitative.  On the other hand, they are more 425 

sensitive to changes within the community structure than the PhyloChip which is an additional 426 

advantage to using clone library analyses. 427 

Low-Level Waste Site Microbial Communities.  A total of 2002 unique OTUs were detected 428 

by both methods combined in all four soil layers and the dominant phyla observed 429 

(Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria, Firmicutes) were similar to those 430 

in other soil studies (14, 28, 55).  Additionally, at least one of the methods used in this study 431 

detected the class, and in most cases, the family containing multiple genera identified in previous 432 

studies (including Bacillus, Pseudomonas, Citrobacter, Clostridia, Azospira, Quadricoccus, 433 

Brevundimonas and Trichococcus) focusing on LLW sites where culture techniques and small 434 
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clone libraries were used to characterize the bacterial community thus confirming their results 435 

(19, 20).  The molecular techniques used in this study identified significantly more members of 436 

the bacterial community than previous studies.  For example, Fox et al. 2006 (19) identified 8 437 

distinct RFLP sequences from 29 clones in their low-level waste microbial community batch 438 

studies and even in the enrichments established in parallel to this study only six isolates were 439 

cultured while 2002 unique OTUs were identified.  While it is known that culture-based 440 

techniques only focus on a small fraction of the microbial community, the findings of this study 441 

put into perspective how small a fraction that may be. 442 

Influence of Cellulose on the Bacterial Community.  Significant changes in the community 443 

structure and dominant phyla were observed with depth at the CTPS by both clone library and 444 

PhyloChip analyses suggesting the presence of cellulosic waste significantly influences the 445 

bacterial community at this site.  PCoA analysis also supports this hypothesis as it showed a 446 

stratification of the bacterial community occurring within the CTPS between the F, FW, and 447 

WW layers.  The similarities observed between the WW and WC layer bacterial communities 448 

suggest that this part of the CTPS is not as stratified as in the shallower depths.  This may be due 449 

to the presence of the clay lining in the bottom that allows for the retention of water at this depth 450 

decreasing stratification between the two soil layers. 451 

 The F layer had a low diversity overall, suggesting a more oligotrophic soil environment, 452 

most likely containing few carbon and energy sources likely supplied through downward 453 

transport during precipitation and snowmelt events.  Additionally, the decrease in the number of 454 

phyla detected and low calculated diversity at the FW layer, suggests there may be a selective 455 

influence on the community at this depth where those bacteria with a certain metabolic 456 

advantage are dominant.  The abundance of the Actinobacteria and Bacteroidetes in this layer as 457 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


21 

 

well as specific families within these phyla that contain known or potential cellulose degraders, 458 

suggests that cellulose may be the selective influence at this depth and cellulose degrading 459 

microorganisms may have a metabolic advantage.   460 

 The WW layer of the CTPS contains large quantities of cellulosic materials.  Therefore, it 461 

was hypothesized that this layer would most likely enrich for cellulose degraders.  In this layer, 462 

both the clone library and PhyloChip results indicate the presence of families containing known 463 

cellulose degraders, suggesting cellulose degradation may be occurring at this depth.  However, 464 

increased diversity was also observed in this layer suggesting that cellulose is likely broken 465 

down and utilized by either cellulose degrading organisms themselves or by other bacteria that 466 

rely on these breakdown products for growth.  These products, readily utilized by a wide variety 467 

of microorganisms, would support a greater diversity of microorganisms in this layer.  When 468 

compared to the WW and WC layers, the decreased diversity observed in the FW layer may be 469 

due to selective pressures on microorganisms in this layer, such as a lack of trace nutrients that 470 

may have been buried with the simulated waste, lack of retained water or retained breakdown 471 

products, which lead to the observed decrease in diversity in the FW layer.  It is also important to 472 

note that while fungi were not studied here, we recognize that they may be catalyzing cellulose 473 

degradation at this site, and therefore may be influencing the activity and diversity of the 474 

bacterial community between the different soil layers. 475 

 While the presence of these microorganisms cannot be linked to metabolic function 476 

directly and there may be other environmental variables besides cellulose influencing the 477 

bacterial community structure, the results demonstrate the possibility of cellulose playing a role 478 

in the changes in community structure with depth. 479 
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 We hypothesized that the Firmicutes would be dominant at this site since this phylum 480 

contains many known cellulose degraders (13, 43), are often dominant in soil environments (28), 481 

and are spore-formers, which is likely advantageous when fluxes of water and nutrients into the 482 

system are minimal.  The PhyloChip detected a large number of Firmicutes OTUs in all four 483 

layers demonstrating a large relative diversity of this phylum present; however, the clone 484 

libraries detected only 24 Firmicutes clones total in all four soil layers and overall the number 485 

decreased with depth.  It is possible that members of this phylum are either not very abundant at 486 

this site, or the extraction and cloning method was not optimal for these organisms. 487 

 While all four layers were dominated by Proteobacteria, this was not surprising since the 488 

Proteobacteria is a large, well studied phylum containing many known members.  Some 489 

members of the Proteobacteria such as Pseudomonas spp. can carry out aerobic cellulose 490 

degradation (43) and while they may play a role in cellulose degradation at this site as they were 491 

detected by both methods, they did not change significantly with depth.  Members of this 492 

phylum, as well as other phyla that did not change significantly with depth, may play important 493 

roles in other processes occurring in the soil such as metal cycling or the cycling of other 494 

nutrients.  This may have significance in future studies which will focus on the interactions 495 

between the bacterial community and heavy metals and radionuclides found at this site.    496 

Significance and Future Studies.  The results of this study provide insight on how the presence 497 

of cellulosic waste influences the bacterial community.  This is the most in-depth study to date of 498 

the bacterial community found at a LLW site.  To the authors’ knowledge, this is also the most 499 

in-depth study to date using both clone libraries and PhyloChip analyses to identify the bacterial 500 

community found in any one soil environment due to the large clone library size, numerous 501 

PhyloChips analyzed and evaluation of the site at multiple depths.  Multi-depth sampling, such 502 
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as that performed in this study, can identify potentially important changes in the microbial 503 

community that may otherwise be overlooked.  This will lead to the ability to better define and 504 

identify the potential roles different microorganisms have in metal mobility at these LLW sites 505 

and better design remediation processes that may be needed at these sites in the future.   506 

 Specifically, the results presented here will provide an extensive baseline for future 507 

studies investigating how bacterial community structure and function changes as a function of 508 

cellulose utilization.  Column studies are being used to potentially identify which groups of 509 

organisms may be playing a key role in heavy metal and radionuclide mobility in simulated 510 

LLW environments.  In these studies the bacterial community at both the DNA and RNA level 511 

will be evaluated and geochemical parameters will be monitored.  These analyses will  aid in 512 

linking the bacterial community structure with the community function.  The results presented 513 

here are the first step in better understanding the interactions between the bacterial community, 514 

cellulosic waste, and contaminants at LLW sites. 515 

 516 

ACKNOWLEDGEMENTS 517 

 The authors would like to thank Yvette Piceno, Todd DeSantis, Gary Andersen and Eoin 518 

Brodie at Lawrence Berkeley National Laboratory for their indispensible training in running G2 519 

PhyloChips and help in acquiring and analyzing the PhyloChip data.  Thanks to the Idaho State 520 

University Molecular Research Core Facility for sequencing and to those at Idaho National 521 

Laboratory who provided technical assistance in completing the clone libraries including 522 

Michelle Walton, Frank Roberto, Cody Permann, and John Aston.  We would also like to extend 523 

our thanks to Steve Lopez for sampling access to the Cold Test Pit South as well as to Bill Smith 524 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


24 

 

and Joe Lord for operation of the PowerProbe sampling unit.  Additional thanks to Peg Dirckx 525 

and Chantel Naylor for their graphical support. 526 

 The Montana State University portion of this work was supported by the U.S. 527 

Department of Energy, Office of Science, Environmental Remediation Science Program (ERSP), 528 

contract DE-FG02-06ER64206.  The INL portion of the work was supported by the U.S. 529 

Department of Energy, Assistant Secretary for the Office of Science, ERSP, under DOE-NE 530 

Idaho Operations Office contract number DE-AC07-05ID14517. 531 

 532 

REFERENCES 533 

1. Abdelouas, A., W. Lutze, W. L. Gong, E. H. Nuttall, B. A. Strietelmeier, and B. J. 534 

Travis. 2000. Biological reduction of uranium in groundwater and subsurface soil. Sci. 535 

Total Environ. 250:21-35. 536 

2. Anonymous. 1994. Radioactive waste disposal: an environmental perspective. 537 

Environmental Protection Agency. 538 

3. Anonymous. 2000. The Current and Planned Low-Level Waste Disposal Capacity 539 

Report Revision 2. Department of Energy. 540 

4. Bayer, E., Y. Shoham, and R. Lamed. 2006. Cellulose-decomposing Bacteria and Their 541 

Enzyme Systems, p. 578-617.  In M. Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, 542 

and E. Stackebrandt (ed.), The Prokaryotes, vol 2, 3
rd

 ed. Springer Science & Business 543 

Media, LLC, New York, NY. 544 

5. Bentley, S., C. Corton, S. Brown, A. Barron, L. Clark, J. Doggett, B. Harris, D. 545 

Ormond, M. Quail, and G. May. 2008. Genome of the Actinomycete plant pathogen 546 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


25 

 

Clavibacter michiganensis subsp. sepedonicus suggests recent niche adaptation. J. 547 

Bacteriol. 190:2150-2160. 548 

6. Brodie, E., T. Desantis, D. Joyner, S. Baek, J. Larsen, G. Andersen, T. Hazen, P. 549 

Richardson, D. Herman, T. Tokunaga, J. Wan, and M. Firestone. 2006. Application 550 

of a high-density oligonucleotide microarray approach to study bacterial population 551 

dynamics during uranium reduction and reoxidation. Appl. Environ. Microbiol. 72:6288-552 

6298. 553 

7. Chew, I., J. Obbard, and R. Stanforth. 2001. Microbial cellulose decomposition in 554 

soils from a rifle range contaminated with heavy metals. Environ. Pollut. 111:367-375. 555 

8. Choy, C., G. Korfiatis, and X. Meng. 2006. Removal of depleted uranium from 556 

contaminated soils. J. Hazard. Mater. 136:53-60. 557 

9. Coughlan, M., and F. Mayer. 1992. The cellulose-decomposing bacteria and their 558 

enzyme systems, p. 460-516, In A. Balows, H. G. Truper, M. Dworkin, W. Harder, and 559 

K. Schleifer (ed.), The Prokaryotes, vol 1, 2
nd

 ed. Springer-Verlag, New York, NY. 560 

10. DeSantis Jr, T., P. Hugenholtz, K. Keller, E. Brodie, N. Larsen, Y. Piceno, R. Phan, 561 

and G. Andersen. 2006. NAST: a multiple sequence alignment server for comparative 562 

analysis of 16S rRNA genes. Nucleic Acids Res. 34:394-399. 563 

11. DeSantis, T., E. Brodie, J. Moberg, I. Zubieta, Y. Piceno, and G. Andersen. 2007. 564 

High-density universal 16S rRNA microarray analysis reveals broader diversity than 565 

typical clone library when sampling the environment. Microb. Ecol. 53:371-383. 566 

12. DeSantis, T., P. Hugenholtz, N. Larsen, M. Rojas, E. Brodie, K. Keller, T. Huber, D. 567 

Dalevi, P. Hu, and G. Andersen. 2006. Greengenes, a chimera-checked 16S rRNA gene 568 

database and workbench compatible with ARB. Appl. Environ. Microbiol. 72:5069-5072. 569 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


26 

 

13. Desvaux, M. 2005. Clostridium cellulolyticum: model organism of mesophilic 570 

cellulolytic clostridia. FEMS Microbiol. Rev. 29:741-764. 571 

14. Elshahed, M., N. Youssef, A. Spain, C. Sheik, F. Najar, L. Sukharnikov, B. Roe, J. 572 

Davis, P. Schloss, V. Bailey, and L. Krumholz. 2008. Novelty and uniqueness patterns 573 

of rare members of the soil biosphere. Appl. Environ. Microbiol. 74:5422-5428. 574 

15. Evtushenko, L., and M. Takeuchi. 2006. The Family Microbacteriaceae, p. 1020-1098. 575 

In M. Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), The 576 

Prokaryotes, vol 3, 3
rd

 ed. Springer Science & Business Media, LLC, New York, NY. 577 

16. Ewing, B., and P. Green. 1998. Base-calling of automated sequencer traces using phred. 578 

II. Error probabilities. Genome Res 8:186-194. 579 

17. Ewing, B., L. Hillier, M. Wendl, and P. Green. 1998. Base-calling of automated 580 

sequencer traces using phred. I. Accuracy assessment. Genome Res 8:175-185.   581 

18. Flanagan, J., E. Brodie, L. Weng, S. Lynch, O. Garcia, R. Brown, P. Hugenholtz, T. 582 

DeSantis, G. Andersen, J. Wiener-Kronish, and J. Bristow. 2007. Loss of bacterial 583 

diversity during antibiotic treatment of intubated patients colonized with Pseudomonas 584 

aeruginosa. J. Clin. Microbiol. 45:1954-1962. 585 

19. Fox, J., R. Mortimer, G. Lear, J. Lloyd, I. Beadle, and K. Morris. 2006. The 586 

biogeochemical behaviour of U (VI) in the simulated near-field of a low-level radioactive 587 

waste repository. Appl. Geochem. 21:1539-1550. 588 

20. Francis, A., S. Dobbs, and B. Nine. 1980. Microbial activity of trench leachates from 589 

shallow-land, low-level radioactive waste disposal sites. Appl. Environ. Microbiol. 590 

40:108-113. 591 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


27 

 

21. Francis, C., M. Timpson, and J. Wilson. 1999. Bench- and pilot-scale studies relating 592 

to the removal of uranium from uranium-contaminated soils using carbonate and citrate 593 

lixiviants. J. Hazard. Mater. 66:67-87. 594 

22. Gordon, D., C. Abajian, and P. Green. 1998. Consed: a graphical tool for sequence 595 

finishing. Genome Res. 8:195-202. 596 

23. Holmes, B. 2006. The genera Flavobacterium, Sphingobacterium, and Weeksella, p. 539-597 

548. In M. Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), 598 

The Prokaryotes, vol 7, 3
rd

 ed. Springer Science & Business Media, LLC, New York, 599 

NY. 600 

24. Hreggvidsson, G., E. Kaiste, O. Holst, G. Eggertsson, A. Palsdottir, and J. 601 

Kristjansson. 1996. An extremely thermostable cellulase from the thermophilic 602 

eubacterium Rhodothermus marinus. Appl. Environ. Microbiol. 62:3047-3049. 603 

25. Huber, T., G. Faulkner, and P. Hugenholtz. 2004. Bellerophon: a program to detect 604 

chimeric sequences in multiple sequence alignments. Bioinformatics 20:2317-2319. 605 

26. Hull, L., C. Grossman, R. Fjeld, J. Coates, and A. Elzerman. 2002. Estimating 606 

Uranium Partition Coefficients from Laboratory Adsorption Isotherms. INEEL/CON-02-607 

00106, Idaho National Engineering and Environmental Laboratory, Idaho Falls, ID (US). 608 

27. Humphreys, P., R. McGarry, A. Hoffmann, and P. Binks. 1997. DRINK: a 609 

biogeochemical source term model for low level radioactive waste disposal sites. FEMS 610 

Microbiol. Rev. 20:557-571. 611 

28. Janssen, P. 2006. Identifying the dominant soil bacterial taxa in libraries of 16S rRNA 612 

and 16S rRNA genes. Appl. Environ. Microbiol. 72:1719-1728. 613 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


28 

 

29. Johansen, J., P. Nielsen, and C. Sjoholm. 1999. Description of Cellulophaga baltica 614 

gen. nov., sp. nov. and Cellulophaga fucicola gen. nov., sp. nov. and reclassification of 615 

[Cytophaga] lytica to Cellulophaga lytica gen. nov., comb. nov. Int. J. Syst. Evol. 616 

Microbiol. 49:1231-1240. 617 

30. Kashefi, K., and D. Lovley. 2000. Reduction of Fe (III), Mn (IV), and toxic metals at 618 

100°C by Pyrobaculum islandicum. Appl. Environ. Microbiol. 66:1050-1056. 619 

31. Keck, K., and R. Seitz. 2002. Potential for Subsidence at the Low-Level Radioactive 620 

Waste Disposal Area. INEEL/EXT-02-01154, Idaho National Engineering and 621 

Environmental Laboratory, Idaho Falls, ID (US). 622 

32. Khan, S., Y. Fukunaga, Y. Nakagawa, and S. Harayama. 2007. Emended descriptions 623 

of the genus Lewinella and of Lewinella cohaerens, Lewinella nigricans and Lewinella 624 

persica, and description of Lewinella lutea sp. nov. and Lewinella marina sp. nov. Int. J. 625 

Syst. Evol. Microbiol. 57:2946-2951. 626 

33. Khan, S., Y. Nakagawa, and S. Harayama. 2007. Sediminibacter furfurosus gen. nov., 627 

sp. nov. and Gilvibacter sediminis gen. nov., sp. nov., novel members of the family 628 

Flavobacteriaceae. Int. J. Syst. Evol. Microbiol. 57:265-269. 629 

34. Kroppenstedt, R., and M. Goodfellow. 2006. The Family Thermomonosporaceae: 630 

Actinocorallia, Actinomadura, Spirillospora and Thermomonospora, p. 682-724. In M. 631 

Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), The 632 

Prokaryotes, vol 3, 3
rd

 ed. Springer Science & Business Media, LLC, New York, NY. 633 

35. Kämpfer, P. 2006. The Family Streptomycetaceae, Part I: Taxonomy, p. 538-604. In M. 634 

Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), The 635 

Prokaryotes, vol 3, 3
rd

 ed. Springer Science & Business Media, LLC, New York, NY. 636 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


29 

 

36. Labeda, D., and R. Kroppenstedt. 2004. Emended description of the genus Glycomyces 637 

and description of Glycomyces algeriensis sp nov., Glycomyces arizonensis sp nov. and 638 

Glycomyces lechevalierae sp nov. Int. J. Syst. Evol. Microbiol. 54:2343-2346. 639 

37. Labeda, D., R. Testa, M. Lechevalier, and H. Lechevalier. 1985. Glycomyces, a new 640 

genus of the Actinomycetales. Int. J. Syst. Evol. Microbiol. 35:417-421. 641 

38. Leschine, S. 1995. Cellulose degradation in anaerobic environments. Annu. Rev. 642 

Microbiol. 49:399-426. 643 

39. Liu, C., Y. Gorby, J. Zachara, J. Fredrickson, and C. Brown. 2002. Reduction 644 

kinetics of Fe (III), Co (III), U (VI), Cr (VI), and Tc (VII) in cultures of dissimilatory 645 

metal-reducing bacteria. Biotechnol. Bioeng. 80:637-649. 646 

40. Lloyd, J., C. Harding, and L. Macaskie. 1997. Tc (VII) reduction and accumulation by 647 

immobilized cells of Escherichia coli. Biotechnol. Bioeng. 55:505-510. 648 

41. Lozupone, C., and R. Knight. 2005. UniFrac: a new phylogenetic method for 649 

comparing microbial communities. Appl. Environ. Microbiol. 71:8228-8235. 650 

42. Ludwig, W., O. Strunk, R. Westram, L. Richter, and H. Meier. 2004. ARB: a 651 

software environment for sequence data. Nucleic Acids Res. 32:1363-1371. 652 

43. Lynd, L., P. Weimer, W. van Zyl, and I. Pretorius. 2002. Microbial cellulose 653 

utilization: Fundamentals and biotechnology. Microbiol. Mol. Biol. Rev. 66:406-577. 654 

44. Means, J., D. Crerar, and J. Duguid. 1978. Migration of Radioactive Wastes: 655 

Radionuclide Mobilization by Complexing Agents. Science 200:1477-1481. 656 

45. Ortiz-Bernad, I., R. Anderson, H. Vrionis, and D. Lovley. 2004. Vanadium respiration 657 

by Geobacter metallireducens: novel strategy for in situ removal of vanadium from 658 

groundwater. Appl. Environ. Microbiol. 70:3091-3095. 659 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


30 

 

46. Peplies, J., R. Kottmann, W. Ludwig, and F. Glöckner. 2008. A standard operating 660 

procedure for phylogenetic inference (SOPPI) using (rRNA) marker genes. J Syst. Appl. 661 

Microbiol. 31:251-257. 662 

47. Read, D., D. Ross, and R. Sims. 1998. The migration of uranium through Clashach 663 

Sandstone: the role of low molecular weight organics in enhancing radionuclide 664 

transport. J. Contam. Hydrol. 35:235-248. 665 

48. Roh, Y., S. Liu, G. Li, H. Huang, T. Phelps, and J. Zhou. 2002. Isolation and 666 

characterization of metal-reducing Thermoanaerobacter strains from deep subsurface 667 

environments of the Piceance Basin, Colorado. Appl. Environ. Microbiol. 68:6013-6020. 668 

49. Saeed, A., V. Sharov, J. White, J. Li, W. Liang, N. Bhagabati, J. Braisted, M. Klapa, 669 

T. Currier, and M. Thiagarajan. 2003. TM4: a free, open-source system for microarray 670 

data management and analysis. Biotechniques 34:45-51. 671 

50. Safo-Sampah, S., and J. Torrey. 1988. Polysaccharide-hydrolyzing enzymes of Frankia 672 

(Actinomycetales). Plant and Soil 112:89-97. 673 

51. Sagaram, U., K. Deangelis, P. Trivedi, G. Andersen, S. Lu, and N. Wang. 2009. 674 

Bacterial Diversity Analysis of Huanglongbing Pathogen-Infected Citrus using 675 

PhyloChips and 16S rDNA Clone Library Sequencing. Appl. Environ. Microbiol. 676 

75:1566-1574. 677 

52. Sani, R., B. Peyton, W. Smith, W. Apel, and J. Petersen. 2002. Dissimilatory 678 

reduction of Cr (VI), Fe (III), and U (VI) by Cellulomonas isolates. Appl. Microbiol. 679 

Biotechnol. 60:192-199. 680 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


31 

 

53. Saunders, J., and L. Toran. 1995. Modeling of radionuclide and heavy metal sorption 681 

around low-and high-pH waste disposal sites at Oak Ridge, Tennessee. Appl. Geochem. 682 

10:673-684. 683 

54. Schloss, P., and J. Handelsman. 2005. Introducing DOTUR, a computer program for 684 

defining operational taxonomic units and estimating species richness. Appl. Environ. 685 

Microbiol. 71:1501-1506. 686 

55. Schloss, P., and J. Handelsman. 2006. Toward a census of bacteria in soil. PLoS 687 

Comput. Biol. 2:786-793. 688 

56. Shelobolina, E., S. Sullivan, K. O'Neill, K. Nevin, and D. Lovley. 2004. Isolation, 689 

characterization, and U (VI)-reducing potential of a facultatively anaerobic, acid-resistant 690 

bacterium from low-pH, nitrate-and U (VI)-contaminated subsurface sediment and 691 

description of Salmonella subterranea sp. nov. Appl. Environ. Microbiol. 70:2959-2965. 692 

57. Sunagawa, S., T. Desantis, Y. Piceno, E. Brodie, M. Desalvo, C. Voolstra, E. Weil, G. 693 

Andersen, and M. Medina. 2009. Bacterial diversity and White Plague Disease-694 

associated community changes in the Caribbean coral Montastraea faveolata. ISME J. 695 

3:512-521. 696 

58. Thompson, E. 2002. Historical description of radioactive waste management complex 697 

(RWMC) surrogated buried waste test pits for environmental restoration (ER) waste area 698 

group 7 (WAG-7) operable unit (OU) 7-13 & 7-14. Idaho National Laboratory, Idaho 699 

Falls, ID (US). 700 

59. Viamajala, S., B. Peyton, W. Apel, and J. Petersen. 2002. Chromate reduction in 701 

Shewanella oneidensis MR-1 is an inducible process associated with anaerobic growth. 702 

Biotechnol. Progr. 18:290-295. 703 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


32 

 

60. Vilks, P., F. Caron, and M. Haas. 1998. Potential for the formation and migration of 704 

colloidal material from a near-surface waste disposal site. Appl. Geochem. 13:31-42. 705 

61. Vobis, G. 2006. The Genus Actinoplanes and Related Genera, p. 623-653.  In M. 706 

Dworkin, S. Falkow, E. Rosenberg, K. Schleifer, and E. Stackebrandt (ed.), The 707 

Prokaryotes, vol 3, 3
rd

 ed. Springer Science & Business Media, LLC, New York, NY. 708 

 at B
attelle E

nergy A
lliance on M

arch 22, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


33 

 

Table 1. Shannon and Simpson’s Indices Calculated Using Clone Library and PhyloChip Data 709 

for Each Soil Layer 710 

 Shannon's Index Simpson's Index 

Layer CL  (95% CI) PC  (95% CI) CL PC 

F 5.56  (±0.090) 6.21  (±0.062) 3.40E-03 6.00E-05 

FW 5.61  (±0.093) 5.86  (±0.074) 3.10E-03 6.20E-05 

WW 5.67  (±0.071) 7.10  (±0.040) 1.70E-03 3.70E-05 

WC 5.72  (±0.084) 7.03  (±0.041) 2.20E-03 3.40E-05 

CL, Clone Library; PC, PhyloChip; CI, Confidence Interval; F, Fill; FW, Fill Waste interface; 711 

WW, Wood Waste; WC, Waste Clay interface. 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

Figure 1. Schematic of the non-radioactive CTPS near the LLW site at the Idaho National 727 

Laboratory where soil samples were obtained.  Brackets indicate sampling points. F, Fill; FW, 728 

Fill Waste interface; WW, Wood Waste; WC, Waste Clay interface. 729 
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 730 

Figure 2. The bacterial community viewed at the phylum level with depth at the CTPS.  (A) 731 

Percent abundance of each phylum as determined by clone library analysis with the total number 732 

of clones for that layer listed at the top of each bar. (B) Number of unique OTUs identified 733 

within each phylum based on clone library (CL) and PhyloChip (PC) analyses.  F, Fill; FW, Fill 734 

Waste interface; WW, Wood Waste; WC, Waste Clay interface. 735 

 736 

Figure 3. Principal Coordinates Analysis (PCoA) of the (A) combined clone libraries, (B) 737 

combined PhyloChip data, and (C) combined clone library and PhyloChip data.  A 97% identity 738 

cutoff was used to remove replicate sequences from the clone libraries before analysis.  F, Fill; 739 

FW, Fill Waste interface; WW, Wood Waste; WC, Waste Clay interface. 740 

 741 

Figure 4. (A) Acidimicrobiaceae and (B) Streptomycetaceae families within the Actinobacteria 742 

phylum and (C) Flexibacteraceae and (D) KSA Unclassified families within the Bacteroidetes 743 

phylum that had significant changes with depth as viewed by PhyloChip and clone library 744 

analyses.  PhyloChip results are presented as a presence (black) absence (gray) heatmap for each 745 

OTU detected within the family. Each row, marked (•), represents a unique OTU.  An OTU was 746 

determined present in a soil layer if the pf value was above or equal to 0.92 for both PhyloChips.  747 

Clone abundance of each family is reported as the percent of the total clones detected per soil 748 

layer.  Quantitative PCR was performed using family-specific primers for amplification of the 749 

16S rRNA gene.  F, Fill; FW, Fill Waste interface; WW, Wood Waste; WC, Waste Clay 750 

interface. 751 

 752 
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Figure 5. Focus group comparisons of Actinobacteria phylum. Families with a significant 753 

decrease in clone number between at least two layers (ex. significant change between F and FW 754 

layer) were categorized as either reported and implied cellulose degraders (families that are 755 

previously known to be cellulose degraders, cellobiose utilizers, or have been suggested to be 756 

potential cellulose degraders) or non-cellulose degraders (families that have not been shown in 757 

the literature to degrade cellulose, cellobiose nor has it been suggested that they can).  These two 758 

groups were then compared based on (A) clone abundance and the number of OTUs detected by 759 

(B) Clone Library and (C) PhyloChip analyses.  F, Fill; FW, Fill Waste interface; WW, Wood 760 

Waste; WC, Waste Clay interface. 761 
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